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FORE WORD 

This  report  was  prepared by the Astropower Laboratory,  Douglas 

Aircraf t  Company, Inc . ,  under NASA contract NAS 7-488. 

adminis tered by Chief, Research  SRT NASA Headquarters ,  Code RRM, with 

Mr .  W .  Raring as Pro jec t  Scientist. 

Gilpin under the direction of D r .  N .  A. Tiner .  ' Dr .  T .  L. Mackay, Mr .  S .  

M. Toy, and Mr .  F. D. Kleist have greatly contributed to the performance of 

this work. 

The work is  

This  report  was prepared by  Dr .  C .  B.  
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ABST R AC T 

This  repor t  covers  the work done during the period of July, August, 

and September 1966 on the study of s t r e s s  cor ros ion  cracking of titanium 

alloys at ambient tempera ture  in aqueous solution. 

During this period a l i terature  survey was made on subjects related 

to  this problem a rea .  

cussed.  

The approach to experimental  studies h a s  beeii d i a -  

Pre l iminary  ele  c t r  oc hemic a1 evaluations were  conducted. Potentios t a t  

curves  for  Ti-5A1-2.5Sn and Ti-6A1-4V in 370 NaC1, pH 6. 5,  were  determined. 

Oxygenation was  observed to  shift the cathodic polarization curves in an 

electroposit ive direction, but did not great ly  affect the anodic curves .  

of 80% of the yield strength did not greatly affect the cathodic polarization 

but did reduce the anodic passivation for  both alloys. 

S t r e s s  
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1 . 0  LITERATURE SURVEY 

The s t r e s s  corrosion cracking of titanium and i t s  alloys at intermediate 

tempera tures  of approximately 500 to 800°F has been well  documented and has 

received much attention in experimental studies.  ( '  - 3, However, until late 

1964 it was believed that titanium alloys were  completely resis tant  to  s t r e s s  

cor ros ion  cracking at  room temperature.  

a new tes t  for  studying s t r e s s  corrosion cracking of high s t rength s tee ls .  

That  test employed a specimen with a notch that had been sharpened by fatigue. 

When the s a m e  tes t  was applied to  titanium alloys,  i t  was discovered that the 

f r ac tu re  s t rength was reduced when the specimen was placed in a 3.570 NaCl 

environment, in tap water ,  o r  in distilled water .  (6 '  7, These resu l t s  immediately 

were  of grave concern to both the Navy Hull P r o g r a m  and to  NASA in connection 

with the SST. 

generated in the las t  year-and-a-half to develop new alloys and heat treating 

methods to  prevent this susceptibility to s t r e s s  corrosion.  

At that t ime Brown was developing 
(4,;) 

AS a resul t ,  a tremendous quantity of information has  been 

In addition to  the reduction of f rac ture  toughness observed with notched 

specimense the effect of an aqueous environment has shown up in two other 

cases .  Judy et  al .  ( 8 )  have shown that the low cycle fatigue c rack  propagation 

of Ti-7Al-2Cb- 1Ta was grea te r  i n  aqueous environments at all s t r a in  ranges 

than i n  a i r .  

became e r r a t i c  and much accelerated.  

s eve re  than to  distilled water .  Ti-6A1-4V did not show this effect. Studies 

of saline wa te r s  in titanium loops (alloy not specified) indicated that a tight 

c rev ice  was necessary  for  catastrophic corrosion.  (9)  The attack was  favored 

by low pH, although it has been observed over the pH range of 5 *  5 to  1 0 . 0  at 

15O0CO The frequency of attack increased f r o m  100°C to  200°C and occurred 

in e i ther  aera ted  o r  deaerated solutions. 

At a s t r e s s  of about 6070 of the yield s t rength the growth ra te  

The reaction to 3. 570 NaCl was m o r e  

1. 1 Effect of Composition 

There  have been extensive screening t e s t s  conducted to evaluate 

the effect of composition on susceptibility t o  s e a  water  s t r e s s  corrosion.  The 

initial work of Brown e t  al .  (7 )  indicated that the f r ac tu re  s t rengths  of Ti-7Al- 

2Cb-lTa,  Ti-8Al- lMo-lV,  Ti-5Al-2.5Sn, Ti-6Al-4V-lSn, Ti-6A1-6V-2.5Sn, 

and Ti-7A1-3Mo were  apparently reduced whereas  Ti-6Al-4V, Ti-6A1-2M0, 

SM-49105-Q 1 1 
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and unalloyed titanium were  l e s s  affected. Note that a l l  the alpha alloys 
appeared to  be  highly susceptible,  whereas some alpha-beta alloys were  

highly susceptible and some were  slightly susceptible.  

Lane e t  a l .  ( l o )  then evaluated a grea t  number of alloys under 

consideration in  the Navy Titanium Hull P r o g r a m  and broke them into the 

following two groups: 

1. Alloys insensitive to s e a  water  embrit t lement were  Ti-7A1- 
2.5M0, Ti-6A1-2MoY Ti-6Al-6Sn-1Mo-1VY Ti-6 .5Al-5Zr- lV,  
Ti -  6A1-4V , Ti -  6A1- 2Sn- 1 Mo - 3V , Ti-  5A1- 2Sn- 2Mo - 2V. 

Alloys susceptible to  s e a  water  embrit t lement were  unalloyed 
titanium (KS - 70) 
T i - 5 A1 - 2.5SnY T i  - 6A1- 3Cb - 2Sn , T i - 7 A1 - 3Cb - 2Sn, and 
T i - 8A1- 3Cb - 2Sn. 

2.  
T i  - 7Al- 2Cb - 1 T a ,  T i -  7Al -  3Cb, T i  - 6A1- 2.5SnY 

Hatch et  al. (11) observed that for 0. 025 inch thick mater ia l  

Ti-65A and Ti-6A1-4V were  not sensitive, whereas  Ti-8Al-1Mo-1VY Ti-13V- 

l lCr-3A1, Ti-5A1-2.5SnY and Ti-8Mn were  susceptible in that o r d e r .  Thicker 

sections of Ti-8A1- 1Mo- 1V and Ti-6A1-4V were  both susceptible. 
9 

Reactive Metals,  Inc . ,  (12) found Ti-8Al-lMo-lV, Ti-7A1-3Cb-lTa, 

Ti-5A1-2.5Sn, Ti-6A1-4VY and Ti-8Mn to b e  susceptible,  whereas  Ti-6Al-2Cb- 

1Ta-0. 8Mo and pure titanium were  not susceptible. Many additional studies 

of composition have been made, but the above resu l t s  i l lustrate  the effect of 

compos ition. 

These resu l t s  indicated that the s t r e s s  corrosion cracking may 

be related to aluminum content o r  to combinations of aluminum and tin. Of 

course  aluminum is not necessa ry  since the Ti-8Mn alloy is v e r y  susceptible,  

a s  is unalloyed titanium (with high oxygen content). 

presence of beta  s tabi l izers  such as Mo, V ,  and Cb decreased sensit ivity - for  

example,  Ti-7Al-3Cb was sensitive, Ti-7A1-3Cb-0. 2Mo l e s s  sensit ive,  and 
Ti-7A1-3Cb-O08Mo insensitive for  certain heat t rea tments ,  ( O) Reactive 

Metals (12) has shown for the Ti-xAl-2Cb-1Ta and Ti-xAl-3Cb alloys that 

increasing aluminum f r o m  6 to  770 increases  susceptibility, whereas  adding 

molybdenum to both Ti-7Al-2Cb-lTa and Ti-7Al-3Cb alloys dec reases  

susceptibility. 

c e s s  in  relating the beta  s tabi l izer  composition and an order ing parameter  

It a l so  appeared that the 

F r o m  these resu l t s  Reactive Metals has  had quite good suc- 
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t o  susceptibility. 

ments  a r e  susceptible, regions in which some heat t reatments  a r e  susceptible 

and some a r e  not, and regions in which all  heat t reatments  a r e  not susceptible.  

Diagrams of this type show regions in  which all  heat t rea t -  

suggested that the s t r e s s  cor ros ion  of titanium Lane et  al. (10) 

is  re la ted to the ordering observed in var ious titanium alloys ( 13, 14) that 

causes  a reduction i n  toughness in the 6 to 10 weight per  cent aluminum range 

when heat t reated f rom 900°F to 1300°F. Aging at  1100°F inc reases  the 

sensit ivity in severa l  alloys. In  addition, the fas te r  the cooling f rom the beta  

field the less sensitive the s e a  water s t r e s s  corrosion.  Reactive Metals 

has observed the same effect on Ti-7Al-2Cb-lTa. 

as the cooling r a t e  goes f rom furnace cooled to a i r  cooled to water  quenched 

f rom e i ther  1950°F o r  165O0F. 

great ly  affected by the annealing temperature .  

resul ted in susceptibility, whereas  annealing at  1650 F resulted in nonsuscepti- 

(12) 

The susceptibility dec reases  

The sensitivity of Ti-6A1-4V apparently is 

Annealing around 1450°F 
0 

bility. (10) 

Due to these grea t  effects of heat t reatment  and quenching r a t e  

on susceptibility, at tempts have been made to produce a t ime,  tempera ture ,  

susceptibility d iagram s imi la r  to time, tempera ture ,  t ransformation d iagrams.  

Reactive Metals (12) has produced such a diagram for Ti-8A1-1Mo-1V alloy. 

1. 2 Effect  of Microstructure  

Severa l  attempts have been made to re la te  micros t ruc ture  to  the 
(11) degree of susceptibility to s e a  water  s t r e s s  corrosion. 

shown that the typical Ti-8Al- 1Mo- 1V micros t ruc ture  that exhibits a continuous 

alpha ma t r ix  is v e r y  susceptible. 

to produce discontinuous alpha in a beta mat r ix  there  is no reduction in tough- 

nes s  in s e a  wa te r .  Lane e t  al .  

susceptibility and micros t ruc ture  for a grea t  number of alloys. 

with coa r se  and long mat r ix  platelets were  susceptible, whereas  ma te r i a l s  

with fine platelets and alpha island dispersions were  not susceptible. Quench 

s t ruc tu res  that showed needle-like alpha were  not susceptible,  but aging made 

the mater ia l  susceptible without any apparent change in micros t ruc ture .  

Hatch et  al. has 

However, by heat treating the same  alloy 

ob s e rve d an apparent correlat ion b e twe en  (10) 

Microstructures  

All of the above observations were  made with a light microscope.  

Fine details  such a s  aging must  be examined by electron microscopy,  but work 

SM-49 105 -Q 1 3 
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in this a r e a  has  not yet been v e r y  complete. 

shown by t ransmission electron microscopy of Ti-5Al-2.5Sn that hydrides 

were  formed on the surface when a metal was plastically deformed while 

i m m e r s e d  in 370 NaC1. 

hydride formation as an essent ia l  feature of cracking. 

Sanderson and S ~ u l l y ( ' ~ )  have 

This  occurred only in susceptible alloys and suggested 

1. 3 Frac tur ing  Behavior 

Hatch e t  al. have studied the mechanical conditions necessary  

for  fa i lure  and found that susceptibility is re la ted to  the thickness of the tes t  

section. 

whereas  a 0.025 inch sheet is not. 

condition the thickness must  be greater  than 0. 045 inch for susceptibility. 

W ald (16) has  shown s imi l a r  resu l t s  for both Ti-8Al-lMo-lV and Ti-6A1-4V. 

He a l so  showed that this was due to  thickness alone and not to processing 

var iab les  by  s tar t ing with a sheet 0.063 inch thick and grinding to var ious 

thicknesses.  

0.025 inch for  Ti-8Al-1Mo-1V and 0.045 inch for  Ti-6A1-4V. 

fur ther  showed that a fatigue c rack  from which a plane s t ra in  failure initially 

propagates is an essent ia l  condition. 

propagate. 

approaching a plane s t r a in  condition. 

Lane e t  al. 

F o r  Ti-8Al-lMo-lV alloy, a 0. 045 inch sheet is highly susceptible,  

F o r  Ti-6A1-4V in the mill annealed 

Feige and Murphy" 7, have reported minimum thicknesses of 

Hatch e t  a l .  (11) 

Cracks  put in  by shea r  fa i lure  did not 

These  resu l t s  suggest that the effect of thickness is  related to 

found that f rac tures  did not follow any definite (10) 

nieta!!ographic path such 2.5 pr ior  beta gr=lin boundaries o r  between plates of 

a Widmanstatten s t ruc ture .  Frac ture  was  t ransgranular  through beta  grains  

and alpha platelets.  

f rom one group of platelets of similar orientation to  another group of different 

orientation. 

and is accompanied by v e r y  little deformation. 

o r  twinning adjacent to  the crack.  

was pr imar i ly  along gra in  boundaries. 

Fu r the rmore ,  cracks changed direction when going 

Hatch e t  al. ("I found that the f r ac tu re  is a low energy fai lure  

The re  was  v e r y  little s l ip  

These authors did conclude that f rac ture  

Electron fractographic studies of the f rac ture  have added a g rea t  

deal  to  our knowledge about the mode of fa i lure .  

the f rac ture  propagates by a combination of quasi-cleavage and ductile rupture .  

Judy e t  al. (8) have conducted the most complete fractographic studies on low 

Hatch et al. found that 
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cycle fatigue in different environments. 

in air the f rac ture  showed typical fatigue s t r ia t ions.  

dist i l led water  there  was a mixture  of quasi-cleavage and fatigue s t r ia t ions.  

F o r  specimens tested in  3 .  5% NaCl the f rac ture  surface was  a mixture  of 

fatigue s t r ia t ions and quasi-cleavage facets - the major  portion being quasi-  

cleavage. 

of c r a c k  growth. The f rac ture  surface of the Ti-6Ai-4" alloy was not affected 

by environment. These f rac ture  surface studies generally agree with those 

made b y  Brown e t  al .  (6) In notched s t r e s s  cor ros ion  t e s t s  above the threshold 

stress, fa i lure  always occurred in a few minutes by quasi-cleavage, whereas  

below the threshold,  failure was of the ductile dimpled rupture type. 

F o r  the Ti-7A1-2Cb- 1Ta alloy tes ted 

F o r  specimens tes ted in 

Thus the amount of quasi-cleavage was  direct ly  related to  the ra te  

Meyn' 8, has attempted to study the crystallographic orientation 

of the cleavage facets  observed on Ti-7Al-2Cb-1Ta. 

chill cas t  t o  produce la rge  grains .  

facets was  determined by X-ray Laue back reflection. 

the m i c r o  cleavage planes and the (0001) 

to its relation to the principle s t r e s s  axis. 
lay in symmetr ical ly  equivalent zones displaced 10 

16O f rom the [ 0001 ] pole. 

The  Specimens were  

After f rac ture  the orientation of cleavage 

The angle between 

was  16' k 2 O  and was insensitive 
Q! 

The poles of the cleavage planes 
0 f rom the [Ol io]  zones and 

1 . 4  Electrochemical  Aspects 

Detailed mechanism studies of s e a  water  stress cor ros ion  a r e  

underway at seve ra l  laboratories.  

titanium alloys that can be pitted with anodic potentials of l e s s  than 20 volts 

a r e  susceptible to stress cor ros ion  failure.  Specimens cannot b e  protected 

by anodic potential but can be  protected by about 1000 mv v s .  SCE of cathodic 

potential. 

models of s t r e s s  corrosion cracking. 

Feige and iViirphy ( 7,  9) have showrL that 

They interpret  these resul ts  and others  in  terms of film rupture  

The following s teps  a r e  proposed: 

1. Film rupture at the surface due to  applied load. 

2. C1-, B r - ,  and I- will not passivate this a r e a ,  whereas  OH- 
o r  O= will. 

3.  Ht will b e  discharged at the cathode which is the sur face  
protective film. 

4 .  Dissolution of titanium takes place.  

5 .  The r a t e  of reaction is dependent upon the ra te  of s l ip  and 
the ra te  of passivation. 
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Murphy and Feige‘”) have observed that cathodic polarization 

causes  the c rack  to form inside of the specimen. This may be s imi la r  to the 
in te rna l  c rack  initiation in delayed failure of s tee l  observed by Johnson e t  a l .  (21) 

However, Murphy and Feige tend to  rule out hydrogen ernbrittlement as a cause 

since cathodic protection inc reases  the s t rength level both above and below the 

hydrogen evolution potentials. However , a t  potentials this high, the formation 

of aiiy type of hydride f i k  st t h e  c r a c k  is preb~bly  being p r p ~ e ~ t p r l ~  

Deaeration of s e a  water causes  a decrease  in s t r e s s  necessa ry  

to  cause  f r ac tu re .  

re tarding the cathodic reaction or  can inc rease  hydrogen embrit t lement by 

eliminating oxygen reduction at the cathode. 

Deaeration can either i nc rease  anodic dissolution by 

Brown(22) has  reported that for  the Ti-8A1- 1Mo- 1V alloy, magnesium 

coupled with titanium will stop crack propagation, zinc will not stop c rack  

propagation but if it is stopped will  prevent it f rom continuing, and cadmium 

will  not s top the crack.  

SM-49 105 -Q 1 
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2 . 0  THEORE TICAL CONSIDERATIONS 

F r o m  these many observations there  obviously s t i l l  a r e  many areas of 

r e s e a r c h  necessary  to elucidate the mechanism of s ea  water  s t r e s s  cor ros ion  

of titanium alloys. 

problem a r e a s ,  the role of hydrogen. 

exist a r e  inconclusive. 

of hydrogen o r  to rule out hydrogen completely. During the past  several 

y e a r s  Astropower Laboratory has  been studying the role of hydrogen i n  s t r e s s  
cor ros ion  cracking of s tee l  (23’  24y 25’ 26)  and has  noted many s imilar i t ies  

between that problem and the present one of titanium. 

We will d i rec t  this  investigation towards one of these 

Electrochemical studies that presently 

They can be interpreted ei ther  to favor the importance 

The stress corrosion cracking of smooth 4340 steel specimens in 

aqueous solutions can  be separated into three periods: ( 1 )  an incubation period 

that is very long and is associated with intergranular  attack; (2) a stable c rack  

growth period that takes  a very  short period of t ime and is associated with 

both in te rgranular  and transgranular fa i lure;  and (3)  final rupture resulting 

f r o m  mechanical overload. 

i s t ics  which can  be related to s t r e s s  corrosion cracking of titanium. 

sha rp  notch is introduced into a specimen, the incubation period is eliminated, 

but the stable c rack  growth period is still present .  

f r ac tu re  sur face  by t ransgranular  regions exhibiting quasi-cleavage mixed 

with dimpled rupture and intergranular region. 

(is e . ,  tewards the end of the period) the more  dimpled ductile the rupture.  

These a r e  s imi l a r  to the observations reported f o r  titanium by Judy e t  al. 

The stable c rack  growth period shows many cha rac t e r  

If a 

It is character ized on the 

The f a s t e r  the c rack  growth 

(8) 

A detailed study of s table  crack growth in 4340 s tee l  was ca r r i ed  out 

by Tiner  and G i l ~ i n ‘ ~ ~ ’  24’ 25’  2 6 )  by combining radioactive t r a c e r s  of hydrogen 

(i. e. , t r i t ium) and electron microautoradiography. 

gen was introduced into the latt ice during s t r e s s  corrosion and was found 

only i n  the cleavage a r e a s  in  the stable c r a c k  growth region. 

this hydrogen was retained i n  the microstructural  fea tures  (in this case  

epsilon carbides) .  

titanium to determine the role of hydrogen, i f  any. 

It was shown that hydro- 

Fur the rmore ,  

A s imi l a r  attempt will be made in the present  p rogram on 

SM-49105-Ql  7 
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2. 1 Hydrogen Distribution in Titanium 

There have been few attempts to determine the distribution of 

hydrogen i n  titanium alloys. Huber et al. (27) introduced t r i t ium into a Ti- 

3Mn- 1Fe-  1Cr-  1Mo- 1V alloy and observed the t r i t ium distribution a f te r  heat  

t reatment  using autoradiography. They found that hydrogen concentrates at 

alpha-beta boundaries in the form of hydrides af ter  duplex heat t reatments  

involving aging in  the 800 to l l O O ° F  range. There also was some evidence 

that hydrogen partitioned to the beta phase i n  preference to the alpha phase. 

There i s  still a grea t  deal that can be learned about hydrogen and hydride 

distribution in  titanium alloys. 

When hydrogen is present in titanium alloys it is known to cause 

a low s t r a i n  ra te  embri t t lement  o r  delayed fai lure .  

the m a t e r i a l  is embrit t led even at impact speeds.  Quigg and Troiano'28) have 

pointed out that the amount of hydrogen necessary  to embri t t le  titanium is an 

o r d e r  of magnitude g rea t e r  than in steel. 

g ra tes  to regions of inhomogenous plastic s t r a in  (as to the root of a notch o r  

along s l ip  planes).  This occurs  in alpha, alpha-beta, and beta alloys. Beta 

alloys required 420 ppm and failed very rapidly because of the high diffusivity 

of hydrogen in  beta,  whereas alpha alloys were  sensit ive only over  a na r row 

range of applied s t r e s s  because of the low diffusivity of hydrogen in  alpha. 

If hydrides a r e  present  

They proposed that hydrogen mi- 

In the notch s t r e s s  corrosion tes t ,  the requirement of a region 

of inhomogenous s t ra in  is  met  a t  the root of the fatigue c rack .  

Gilpin et al. (29) have shown by electron microautoradiography that hydrogen 

does segregate  to the root of a notch during delayed fai lure  tes t s  in high 

s t rength mar tens i t ic  s teels .  F o r  alpha titanium alloys relatively long times 

(one hour o r  more )  are required f o r  delayed fai lure  because of the slow dif- 

fusivity of hydrogen. (28) Alpha-beta alloys fail  m o r e  rapidly, and in  beta 

alloys fai lure  can occur  during a notched tensile t e s t  (io e. , very rapidly). 

In this respect 

The above description is dependent on hydrogen in  the titanium 

meta l  before diffusing to the root of the notch. 

cracking,  hydrogen could be introduced into the latt ice by chemical attack. 

This hydrogen would then diffuse to the t ip of the c r a c k  which is the s a m e  

place cor ros ion  is taking place.  If this i s  the case ,  one would expect the 

In the c a s e  of stress cor ros ion  

8 



alpha alloys to be more  sensit ive to s t r e s s  corrosion fai lures  than the alpha- 

beta alloys. 

not diffuse away and will concentrate a t  the root of the notch. 

alpha-beta alloys,  hydrogen can diffuse rapidly in the beta phase and will be 

c a r r i e d  away before it can concentrate sufficiently fo r  cracking to take place. 

Whether such a mechanism indeed exists will be tested in the present  work. 

Since the diffusivity of hydrogen in alpha is  low, hydrogen can- 

However, in  

Such considerations may very well explain the observations 

made by Feige and Murphy(17) f o r  Ti-7A1-2Cb-1 Ti ,  that increasing notch sharp-  

nes s  decreases  the load necessary  to cause failure ( see  Table I). 
e t  al. (") have shown that delayed failures in s tee l  (due to hydrogen) nucleate 

at the region of maximum tr iaxial  s t r e s s  which is displaced into the specimen 

f r o m  the actual root of the notch. 

Johnson 

The sha rpe r  the notch, the c lose r  to  the 

have verified by root tip this region of triaxial s t r e s s  is. Gilpin e t  a l .  ( 2 9 )  

electron microautoradiography that hydrogen is  mos t  concentrated at approxi- 

mately 0. 020 inch f r o m  the tip of a 0. 010 radius notch. 

s t r e s s  corrosion is associated with hydrogen diffusion, the sha rpe r  the notch 

the l e s s  distance the hydrogen would need to diffuse to a region of s t r e s s  

tr iaxiali ty af ter  being introduced into the specimen f r o m  the corrosion 

reaction. 

If the s e a  water 

At the present  t ime i t  is not c l e a r  that  hydrogen can be intro-  

duced into the titanium lattice f r o m  a corrosion reaction. 

Modestnva (30) have shown that during corrosion in acid media,  alpha titanium 

alloys under s t r e s s  do absorb hydrogen. Fu r the rmore ,  this hydrogen was 

observed to f o r m  hydrides along s l i p  planes (i. e. , the region of inhomogenous 

s t ra in  mentioned previously). Sanderson and S ~ u l l y ( ' ~ )  observed that chem- 

ically polished Ti-5A1-2. 5Sn immersed  in 370 NaC1, pH 0. 75, and bent while 

immersed  developed hydrides and cracks within six weeks. Specimens not 

chemically polished did not develop cracks .  Thus it appears  that hydrogen 

can be introduced into titanium, but the conditions fo r  this to occur  a r e  not 

c lear .  

Tomashov and 
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TABLE I 

E F F E C T  O F  NOTCH RADIUS O N  FAILURE LOAD (17) 

Load, pounds 1 p a r t  HC1 
Radius Ai r Sea  Water  1-1/2 p a r t s  Sea W a t e r  

Unnotched 11,600 11, 600 11,600 

0.010" 10,560 9,320 7 ,440  

0. 005" 10,040 9,630 7 ,320  

0. 001" 9 ,680  8,250 6 ,280  

0. 010" fatigue crack 8 ,280  6,000 - 

SM-49105-Ql 10 



3 . 0  EXPERIMENTAL EVALUATIONS 

During the f i r s t  quar te r  electrochemical studies were conducted in 

o r d e r  t o  evaluate the possible electrochemical reactions that should be con- 

s ide red  during the s t r e s s  cor ros ion  of T i  alloys. The studies were  l imited 

to mill annealed Ti-6A1-4V (6. 0 Al, 4 .0  V,  0. 13 F e ,  0. 12 Ni, 0. 025 C,  

0. 008 H) and Ti-5A1-2. 5Sn (5 .2  Al, 2 .4  Sn, 0. 34 F e ,  0 .26 C ,  0. 15 H, 

0.028 N). The effect of oxygenation and s t r e s s  were  evaluated. 

Sheet tensile specimens,  0.025 inch thick, were  abraded with 600 gr i t  

si l icon carbide and then coated with a lacquer impervious to the solution. A 
L p a r t  of this lacquer  was then stripped off leaving an a r e a  of 0. 5 c m  

me ta l  exposed to the environment. 

condition was obtained. 

of the same size made p r io r  to running the potentiostat curve f o r  the s t r e s s e d  

condition. 

of bare  

A potentiostat curve  fo r  the no s t r e s s  

The open a rea  was remasked and another open a r e a  

Potentiostat curves  were  obtained with a Wenking Potentiostat  Model 

61 -TR. The experimental  arrangement is shown schematically in F igure  1. All 

potentials reported a r e  with respect  to a saturated calomel  electrode. 

Oxygenation was accomplished by bubbling oxygen through the solution during 

t e s t  and deoxygenation by bubbling nitrogen. The st irrer was located 0. 2 c m  

f r o m  the surface being measured.  The solution was 370 NaC1, pH 6. 5. 

The measurements  were  made by applying a given potential (usually 

s ta r t ing  at -1400 m v  but on occasion up to -2000 mv) and measuring the 

c u r r e n t  a f te r  stabilization (usually about one minute). Successive values of 

potential were  measured  f r o m  negative toward positive to prevent formation 

of an anodic film. The resul ts  a r e  presented i n  F igures  2, 3, 4 ,  and 5. 

The effect of oxygen was to shift the cathodic polarization curves  in 

an electroposit ive direction. 

0. 07 V which agrees  with Stern and W i ~ s e n b e r g ' s ' ~ ~ )  value f o r  the hydrogen 

reaction of titanium in hydrogen saturated 2070 H SO 

coefficient Q! = 1 / 2 ,  and since b = 0.059/(wn then n = 1. 64 S 2. 

indicate that one of the cathodic reactions in  370 NaCl is 2e t 2Ht + 2H. 

The Tafel slope,  bc ,  f o r  Ti-5A1-2. 5Sn was 

Assuming the t r ans fe r  2 4' 
This would 

SM-49 105-Q 1 
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Working 
Elect  rode 

(Spc c imen) 

Wenking Electronic  Potent iostat  

0 0 0 
b 

L S t i r r e r  

Reference 
E lec t rode  

Sa tura ted  Calome 

Plat inum Counter 
Agar P r o b e  

Applied Load 

1 E lec t  

E l e c t r  

F igure  1.  Schematic of Potent iostat ic  Experimental  
Arrangement  
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Figure  2. Effect of Oxygenation on the Polarization Curves 
of Ti-5A1-2.5Sn in 30JoNaCl 
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Figure 3 .  Effect of Oxygenation on the Polarization Curves 
of Ti-6A1-4V in 370 NaCl 

SM-49 105 -Q 1 14 



10. 

1.0 .  

0 . 1 .  

0 .01 ' 

0.001 - 
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7 

Unstressed (0338-3 )  
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( 0338-5) 

! 
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Potential (mv) vs .  SCE 

Figure  4. Effect of S t ress  on the Polarization Curve of 
Ti-5A1-2.5Sn in 370NaCl 
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OStressed ( 8 0 %  yield s t rength 

s u n s t r e s s e d  (0338-2)  
( 0338- 6 ) 

-1200 -1000 - 800 - 6 0 0  - 400 - 200 0 
Potential (mv) vs.  SCE 

Figure 5 .  Effect of Stress  on the Polarization Curve of 
Ti-  6A1-4 V in 37'0 NaCl 
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The large increase  in current  density with oxygenation indicates the 

s t rong depolarization effect due to oxygen. 

reduction of oxygen O2 t 4H 

polarization curve. 

resu l t s  as did oxygen. 

Thus it i s  apparent that cathodic 
t t 4e --.) 2H20 also contributes to the cathodic 

Bubbling a i r  through the solution produced the same 

Oxygenation did not greatly affect the anodic potential. 

Stressing the specimens up to 8070 of the yield strength did not greatly 

affect the cathodic polarization. 

affected. S t r e s s  apparently reduced anodic passivation for  both alloys. Thus 

the cu r ren t  at a given anodic potential was increased when s t r e s s  was present .  

The anodic branch, however, was greatly 

The resul ts  of the electrochemical measurements  must be considered 

prel iminary until fur ther  experimentation a s s i s t s  in elucidating the electro- 

chemical  reactions taking place. 
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4. 0 F U T U R E  WORK 

Based on the l i terature  survey, the following titanium alloys have been 

selected for detailed investigation of the mechanism of s t r e s s  corrosion cracking: 

1. 

2. 

3. 

4. 

Single-edge notched specimens will be fabricated f r o m  sheet mater ia l  

Ti-5A1-2. 5Sn ( an  alpha alloy) 

Ti-6A1-4V (an alpha t beta alloy) 

Ti-8Al-  1Mo- 1V ( a  super  alpha alloy) 

Ti- 13V- 11Cr-3A1 (a beta alloy) 

(approximately . 075" thick). 

dist i l led water and 370 NaC1. 

alloys as a function of load. 

corrosion will be evaluated by electron fractography. 

S t r e s s  corrosion tes t s  will  be conducted in  

Frac ture  t ime will be determined for  each of the 

The mode of c rack  propagation during s t r e s s  

In addition to  determining the fracturing modes in  which hydrogen may 

play an  important par t ,  the distribution of hydrogen in  various phases in  

titanium alloys will be studied. 

polished and etched on one surface,  cathodically charged with t r i t ium, H , and 

examined by electron microautoradiography. 

Specimens 1 /2  x 1 inch will be metallographically 
3 

The s i tes  of local dissolution of titanium alloy matrix will be evaluated 

by t ransmiss ion  electron microscopy. 

t ransmiss ion  of e lectron beam will be prepared. The foi ls  will be examined 

and then dipped in  distilled water o r  37'0 NaCl and reexamined in  the electron 

microscope. 

miss ion  of the electron beam. 

Thin foils of titanium alloys suitable for  

Preferen t ia l  attack can easi ly  be detected by increased t r ans -  

SM-49105-Ql 18 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

REFERENCES 

C. H. Avery and R. V. Turley,  "Chloride S t r e s s  Corrosion Susceptibility 
of High Strength Steel, Titanium Alloy and Superalloy Sheet, I '  Air F o r c e  
Mat. Lab. ,  Tech. Doc. Rep. No. ML-TDR-64-44, Vol. 1, March  1964 
and Vol. 11, May 1964. 

R. L. Kirchner and E. J. Ripling, "Elevated Temperature  S t r e s s  Corrosion 
of High Strength Sheet Mater ia ls  in the P resence  of S t r e s s  Concentrators:  
First In te r im Report  on NASA, Contract NASr-50, November 1964. 

D. N. Brask i  and G. J. Heimerl ,  "The Relative Susceptibility of Four  
Commerc ia l  Titanium Alloys t o  Salt S t r e s s  Corrosion at 550 F, 
TN D-2011, December 1963. 

NASA 

T. J. Lennox, J r . ,  ed . ,  "Development of a New Tes t  for  S t ress -Corros ion  
Cracking of High Strength Steels,  Marine Corrosion Studies, Second In te r im 
Report  of P r o g r e s s ,  NRL Memorandum Report  1574, November 1965. 

B. F. Brown and C. D. Beachem, "A Study of the S t r e s s  Fac tor  in  Corrosion 
Cracking by Use of the P re -c racked  Cantilever Beam Specimen, 
Science - 5 (1965) p. 745. 

B. F. Brown, "A New S t re s s  Corrosion Cracking Tes t  Procedure  fo r  High 
Strength Alloys, I' U. S. Naval Res. Lab. , presented at 68th Annual Meeting 
of ASTM, Lafayette, Ind., June 13-18, 1965. 

Corrosion 

T. J. Lennox, J r . ,  ed . ,  "Stress  Corrosion Cracking of Titanium Alleys 
in Salt Water,  Distilled Water, and Sea Water, ' I  Marine Corrosion Studies, 
Third In te r im Report  of P r o g r e s s ,  NRL Memorandum Report  1634, July 
1965. 

R. W. Judy, Jr. .. T. W. Crooker,  R. E. Morey, E. A. Lange, and R. 
J. Goode, "Low-Cycle Fatigue-Crack Propagation and Fractographic  
Investigation of Ti -7Al-2Cb- lTa  and Ti-6A1-4V in  Air and i n  Aqueous 
Environments,  Trans .  ASM 59 (1966) p. 195. 

1964 Saline Water Conversion Report, U. S. Dept. of Inter ior ,  Office of 
Saline Water,  pp. 107. 

-7 

I. R. Lane, J r . ,  0. L. Cavallaro, and A. G. S. Morton, "Frac ture  
Behavior o€ Titanium in the Marine Environment, ' '  U . S .  Navy MEL Report  
231/65, July 1965. 

A. J. Hatch, H. W. Rosenberg, and E. F. Erbin,  "Effects of Environ- 
ment  on Cracking in  Titanium Alloys, presented t o  ASTM Pacif ic  Area 
National Meeting, Seattle, November 1965. 

Reactive Metals,  Inc. , "Prel iminary Data on the Aqueous S t ress -Corros ion  
Cracking of Titanium Alloys, September 28, 1965. 

19 



I 
I 
1 
1 
I 
1 
1 
D 
1 
I 
I 
I 
1 
I 
I 
I 
1 
I 
I 

13. 

14. 

15. 

16- 

17. 

18. 

19. 

20. 

2 1. 

22. 

23. 

24. 

25. 

26. 

M. T. Blackburn, "Ordering i n  Titanium Alloys, Presented  to  WESTEC, 
Los  Angeles, March  1966. 

P. J. Soltis, "Instability and Evidence of Ordering in  Ti-8A1- 1Mo- 1V 
Alloy, Trans.  AIME 233 (1965) p. 903. 

G. Sanderson and J. C. Scully, "Room Tempera ture  S t r e s s  Corrosion 
Cracking of Titanium Alloys, ' I  Nature, July 9 ,  1966, p. 179. 

C.. Wald, D i s c i l s s i ~ n  at NR-L Workshnp on Aqiieoiis Stress -Corros ion  
Cracking of Titanium Alloys, Lockheed California Co. , September 1965. 

N. J. Feige and T. J. Murphy, "Frac ture  Behavior of Titanium Alloys in  
Aqueous Environment, I '  Presented to  WESTEC, Los Angeles, March  1966. 

D. A. Meyn, "A Study of the Crystallographic Orientation of Cleavage Face ts  
Produced by St ress -Corros ion  Cracking of 7A1-2Cb- 1Ta Titanium Alloy 
in  Distilled W a t e r ,  I '  Marine Corrosion Studies, Third In te r im Report  of 
P r o g r e s s ,  NRL Memorandum Report  1634, July 1965. 

N. J. Feige and T. J. Murphy, "Environmental Effects on Titanium 
Alloys, ' I  Presented  to  NACE, Miami Beach, April  1966. 

T. Murphy and N. G. Feige,  "Prel iminary Evaluation of Degradation of 
Titanium Crack  Resis tance i n  Sea Water Environment, 
Corp. of America,  May 7, 1965. 

Titanium Metals 

H. H. Johnson, J. G. Morlet ,  and A. R. Troiano, "Hydrogen, Crack 
Initiation and Delayed Fa i lure  in Steel, Trans.  AIME 212 (1958) p. 2. 

B. F. Brown, Discussion a t  NRL Workshop on Aqueous S t ress -Corros ion  
Cracking of Titanium Alloys, Naval Resea rch  Laboratory,  September 1965. 

N. A. Tiner ,  C. R. Gilpin, and S .  M. Toy, "A Micros t ruc tura l  Study of 
S t r e s s  Corrosion Cracking i n  Martensit ic 4340 Steel" Environment- 
Sensitive Mechanical Behavior, Gordon and Breach, New York, 1965. 

N. A. Tiner  and C. B. Gilpin, "Microprocesses i n  S t r e s s  Corrosion of 
Martensi t ic  Steels,  
Beach, April  18-22, 1966. 

presented at  22nd Annual NACE Conference, Miami 

C. B. Gilpin, S .  M. Toy, and N. A. Tiner ,  "Stress Corrosion Cracking 
in  Martensi t ic  High Strength Steels, I t  Air  F o r c e  Mat. Lab.,  Tech. Doc. 
Report  No. AFML-TR-64-325, P a r t  1, February  1965. 

C. B. Gilpin, S. M. Toy, and N. A. Tiner ,  "Stress Corrosion Cracking 
in  Martensi t ic  High Strength Steels, Air F o r c e  Mat. Lab. , Tech. Doc. 
Report  No. AFML-TR-64-325, Part 11, July 1965. 

SM -49 105 -Q 1 20 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 

27. 0. J. Huber, J. E. Gates, A. P. Young, M. Pobereskin,  and P. D. F r o s t ,  I 

"Hydrogen Distribution in  Heat-Treated Titanium as Established by Auto- 
radiography, Trans.  AIME, July 1957, p. 918. 

, 

I 

28. R. J. Quigg and A. R. Troiano, "Hydrogen Embri t t lement  and St ra in  Aging 
in  Titanium Alloys, ' I  WADC TR 59- 172, Apri l  1959. 

29. C. B. Gilpin, D. H. Paul, S .  K. Asunmaa, and N. A. Tiner ,  "Electron 
Microautoradiography and I ts  Application to  the Study of Hydrogen 
Distribution in  Steel, i i  Advances in Electron ivietaiiugrapliy, Yo:. 6, ASTM 
S T P  396, Am. SOC. Testing Mats. (1966) p. 7. 

30. N. D. Tomashov and V. N. Modestova, "Behavior of Titanium Alloys 
During Corrosion Under S t r e s s  in Acid Media, I f  Titan. i. Ego Splavy 6 
(1961) p. 221. Translat ion FTA-MT-63- 123. 

3 1. M. Stein and H. Wisenberg, J. Electrochem SOC. 106 (1959) p. 755. 

SM - 49 10 5 - Q 1 21 


